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Adsorption of polyvinyl alcohol from wastewater

by sintered porous red mud

Yihe Zhang, Wei Chen, Guocheng Lv, Fengzhu Lv, Paul K. Chu,

Wenmin Guo, Baolin Cui, Rui Zhang and Hell Wang
ABSTRACT
Several types of red mud-based porous materials (RMPM) and other raw minerals via different

processes were prepared and characterized using X-ray diffraction (XRD) analyses and scanning

electron microscope (SEM) observations. Using the polymer sponge method, a 72% apparent

porosity could be reached compared with 64% by adding a pore-forming agent. These materials were

tested for their adsorption of polyvinyl alcohol (PVA) from simulated textile wastewater. The best

mass ratio of RMPM to PVA solution was 50:100 with a removal maximum of 25.8% after they were in

contact for 50 min. The adsorption rate and kinetics could be better described by Lagergren’s

pseudo-second-order model in comparison with the pseudo-first-order model.
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INTRODUCTION
Red mud, called bauxite residue, is a solid state industrial
byproduct produced during alumina extraction from baux-

ite. About 70 Mt of dry red mud are produced by the
alumina industry annually. The waste which typically ends
up in red mud landfill leads to deleterious effects such as
devastated cropland, polluted surface water and local

environment, as well as expensive maintenance. Therefore,
much effort is being made to effectively recycle the red
mud waste. One of these applications is to remove microor-

ganisms, inorganic and organic contaminants from
wastewater (Weaver & Ritchie ; Ho et al. ; Ho
et al. ; Lopez et al. ). However, efforts so far have

concentrated on raw red mud and organic contaminants
such as viruses and small molecules. Red mud is potentially
useful to ceramic filter media and the cement and building

industry (Brown & Beretka ; Tsakiridis et al. )
and plastic fillers, as well as in other applications (Boufou-
nos ; Liu et al. ). Moreover, the red mud-based
porous materials (RMPM) can be utilized in wastewater
treatment in two aspects, as a substitute for filtration
materials in advanced water treatment and as carriers of

microbes (Xiao et al. ).
Utilization of red mud in ceramic production has

attracted much interest, especially production of red mud
ceramic by RMPM sintering. The required strength could

be achieved by sintering it at 950 WC for over 48 h at a
pressure of 5,000 kg m�2 (Prasad & Sharma ). A
higher sintering temperature of 1,100–1,200 WC was also

suggested (Moya et al. ; Perez et al. ). The disadvan-
tages of these materials are the large shrinkage and
minimum water adsorption.

Polyvinyl alcohol (PVA), a sizing agent used in the tex-
tile and printing industry, was the main pollutant in
industrial wastewater. Three main processes, Fenton oxi-

dation process (Lin & Lo ; Hachem et al. ;
Georgiou et al. ; Baban et al. ; Selcuk et al. ),
ultra filtration membrane technology (Lin & Lan ;
Porter ; Ji et al. ), and biochemical method (Ugoji
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& Aboaba ; Ranganathan et al. ), were proposed to

treat the PVA containing wastewater. To the best of
our knowledge, the use of RMPM in treating PVA contain-
ing wastewater has not been reported. In this study,

the RMPM with a porous structure and high specific area
was prepared by incorporating fly ash and bentonite pow-
ders to enhance the strength and porosity and the
feasibility of using the RMPM for wastewater treatment

was assessed.
Figure 1 | Sintering processing curve for the RMPM.
MATERIALS AND METHODS

Materials

The red mud was an industrial by-product provided by
Shandong Weiqiao Pioneering Group Co. Ltd. The fly ash

was supplied by the Beijing Gaojing power plant and the
bentonite and coal were purchased from Chifeng Fulong
Mineral Resource Development Co. Ltd. in Inner Mongo-
lia. All raw materials were ground to 200 meshes and

dried at 100 WC for 12 h prior to use. The PVA (CP) was pur-
chased from Beijing Chemical Plant and dried at 100 WC for
24 h before use.

Preparation of RMPM

The pore-forming agent method and polymer sponge tech-
nique were adopted. The materials were prepared with red
mud, fly ash, bentonite, and foaming additive at the weight
rate of 10:5:4:n (n being an integer between 1 and 10). Cal-

cium carbonate (CaCO3) and coal powders were used
individually and together with the pore-forming agent.
After powders being mixed uniformly, molding, drying,

and sintering were conducted sequentially. Sintering was
the most important step in these processes and the typical
sintering process curve of the porous materials is shown in

Figure 1. The sintering technology included three steps:
heat treatment, dehydration, and sintering at a higher temp-
erature. After cooling in a furnace, the RMPM balls were

produced.

Characterization of RMPM

The apparent porosity was measured by the boiling method
according to the Chinese National Standard GB/T 1966–
1996. The measurements were carried out after keeping the

samples in an oven at 100 WC for 24 h. X-ray powder diffrac-
tion (XRD) patterns were acquired for the red mud and
RMPMonaRigakuX-ray diffractometerwithCuKα radiation
(2 kV rotating anode, λ¼ 1.54056Å) at 40 kV, 100 mA, and a

scanning rate of 2 degrees per min. The surface morphology
was examined by scanning electron microscopy (SEM,
JEOL JSM-6300) on the gold coated samples.
The measurement of concentration of PVA solution

The concentration of PVA was determined using a 722 sp-

type VIS-Spectrophotometer. PVA reacted with an I2-KI sol-
ution in boric acid to form a complex which exhibited
selective absorption at 640 nm. A series of solutions with

known PVA concentrations were first reacted and appropri-
ate amounts of the I2-KI and boric acid solutions were added
to blue-green solution. The absorbance values at 640 nm

were recorded and the relationship between absorbance
and PVA concentrations was fitted.
RESULTS AND DISCUSSION

Effect of foaming agent and process on the porosity
of RMPM

Based on the results acquired from a series of RMPM pre-

pared by different processes, the apparent porosity can
reach 64% by adding 40 wt% coal powders as the pore-
forming agent (marked as A-RMPM), whereas it is 72%
by adopting the polymer sponge method (marked as

B-RMPM) (Figure 2).
The foaming capability of coal powders is much higher

than that of CaCO3 for the same filling content (Figure 2). It

could be attributed to the amount of gas produced from the
coal powders, which was higher than that from CaCO3



Figure 3 | (a) SEM picture of the RMPM produced by the polymer sponge method;

(b) SEM picture of the RMPM containing 40 wt% CaCO3; (c) SEM picture of

the RMPM containing 40 wt% coal powders.

Figure 2 | Effects of foaming agent on the porosity of RMPM.
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during sintering when the mass was equal. In addition, the

RMPM made with CaCO3 had more closed gas pores which
could not be detected by the apparent porous measurement.

SEM morphology of RMPM

The morphology of the RMPM produced by the polymer
sponge method revealed an apparent duct structure (Figure 3
(a)). The gas pores on the fractured surface of the RMPM
containing 40 wt% CaCO3 were closed (Figure 3(b)), while

the gas pores in the RMPM containing 40 wt% coal were
interconnected with each other (Figure 3(c)).

X-ray diffraction analysis of RMPM

Crystallization that occurs during sintering is one of the

main factors affecting the strength of the RMPM. By
adding 40 wt% of coal powders to the raw materials, a
new phase of anorthite, (Ca,Na)(Si,Al)4O8, was formed

(Figure 4(b)). On the other hand, additional new phases of
calcium silicate Ca2SiO4 and calcium aluminium oxide
Ca3Al2O6 were formed when CaCO3 was introduced

(Figure 4(c)). These two minerals usually exist in concrete
and contribute to the hardness and toughness of the
materials. The two new phases anorthite (CaAl2Si2O8) and

calcium aluminium oxide Ca3Al2O6 were formed for the
RMPM containing 15% coal powders and 5% CaCO3

(Figure 4(d)), implying that the RMPM samples containing
CaCO3 and coal powders possess good hardness and

strength. In addition, proper addition of CaCO3 can deplete
Fe2O3, which matches the colour changes observed from the
RMPM (Figures 4(a), (c), and (d)). The RMPM sample con-

taining 40 wt% CaCO3 is whiter than the other ones due to
the disappearance of red Fe2O3.
Effect of RMPM content on the removal of PVA

Two types of RMPM were applied to the treatment of PVA-
containing wastewater. The simulated wastewater was pro-
duced by dissolving pure PVA at a concentration of

3.109 mg L�1. Different amounts of RMPM (5–35 mg)
were added to 40 mL of the simulated wastewater. A
better removal could be achieved by B-RMPM in compari-

son with A-RMPM (Figure 5).



Figure 5 | Effect of RMPM mass on PVA removal.

Figure 4 | (a) X-ray powder diffraction pattern obtained from the red mud; (b) X-ray

powder diffraction pattern of the RMPM containing 40 wt% coal powders;

(c) X-ray powder diffraction pattern acquired from the RMPM containing 40 wt

% CaCO3; (d) X-ray powder diffraction pattern of the RMPM containing 15 wt%

coal powders and 5 wt% CaCO3.

Figure 6 | Effect of adsorption time on PVA removal.
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The PVA concentration decreases as the RMPM mass
increases. Adsorption began to saturate at 20 mg for B-
RMPM and 25 mg for A-RMPM. Furthermore, B-RMPM

could absorb more PVA and reach saturation faster than
A-RMPM, due to its larger porosity and interconnected
porous structure of B-RMPM as demonstrated by the SEM
picture.

Effect of adsorption time on the removal of PVA

The concentration of PVA decreases with time (Figure 6).

Adsorption saturation occurred at about 60 and 50 min of
exposure to simulated wastewater for A-RMPM and B-
RMPM, respectively. The higher porosity of B-RMPM
resulted in a faster adsorption in the initial 10 min and

PVA removal of PVA reached the maximum of 25.8% after
50 min. The low efficiency may be attributed to the larger
molecule size and higher viscosity of PVA that prevented

more PVA molecules from adsorbing onto the fine pore
space of the RMPM.

Kinetic modelling

Two simplified kinetic models, namely the pseudo-first-

order model and pseudo-second-order model (Zheng



Figure 8 | Absorption of PVA on A-RMBM and B-RMBM based on pseudo-second-order

kinetics.

Table 1 | Parameters in the pseudo-second-order model

C0 (mg L�1) qe (mg g�1) ks (gmgmin�1) R2

A-RMPM 3.11 0.15 1.58 0.94

B-RMPM 3.11 0.17 0.60 0.99
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et al. , ; Guo et al. ), were employed to study

the rate and kinetics of adsorption of PVA onto RMPM.
The Lagergren’s rate equation was used to describe the
adsorption of an adsorbate from the liquid phase. The

linear form of the pseudo-first-order rate expression is
given as:

log (qe � qt) ¼ log qe � Kf

2:303
t

where qe and qt represent the amounts of absorbed PVA

(mg g�1) at equilibrium and at time t (min), respectively,
and kf is the rate constant of the pseudo-first-order process.
The linear form of the pseudo-second-order rate expression

of Lagergren is given as:

t
qt

¼ 1
ksq2e

þ 1
qe

t

where ks is the rate constant in the pseudo-second-order
process. The linearized plots of the pseudo-first-order
and pseudo-second-order kinetic models for A-RMPM

and B-RMPM are illustrated in Figures 7 and 8,
respectively.

The pseudo-first-order model was not suitable due to a
lower correlation coefficient (<0.93) (Figure 7). In con-

trast, good linearity with a good correlation coefficient
of >0.99 for B-RMPM was achieved (Figure 8), indicating
the applicability of the pseudo-second-order model to this

study. The pseudo-second-order rate constants determined
from the slope and intercept in Figure 8 are shown in
Table 1.
Figure 7 | Adsorption of PVA on A-RMBM and B-RMBM based on pseudo-first-order

kinetics.
CONCLUSIONS

RMPM with a mass ratio of red mud, fly ash, bentonite to

foaming additive of 10:5:4:n (n being an integer between
1 and 10) are produced. Two methods are adopted in the
production of RMPM. The B-RMPM samples fabricated by
the polymer sponge method have larger porosity than A-

RMPM samples made by the pore-forming agent method.
When the two RMPM samples are exposed to simulated
PVA-containing wastewater, B-RMPM exhibits a higher effi-

ciency than A-RMPM. Adsorption of PVA by B-RMPM not
only is quicker but also shows a larger capacity. The concen-
tration of the simulated PVA wastewater decreases with

increasing weights of B-RMPM or A-RMPM. The adsorption
rate and kinetics fit the Lagergren’s pseudo-second-order
model better than the pseudo-first-order model.
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